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Abstract
Purpose:  To  evaluate  diffusion  MR  imaging  of  the  neck  of  the  femur  in  Legg-Calve-Perthes
disease (LCPD).
Material  and  methods:  This  is  a  prospective  study  in  27  children  followed  for  unilateral  LCPD.
Forty-six MRIs  were  carried  out  with  bilateral  quantiﬁcation  of  the  apparent  diffusion  coef-
ﬁcient (ADC)  of  the  neck  of  the  femur.  The  intra-  and  inter-observer  variability  of  the  ADC
measurements  was  evaluated.  The  association  between  the  ADC  and  age  as  well  as  the  healthy
or pathological  status  of  the  neck  of  the  femur  and  the  Catterall  classiﬁcation  were  looked  for.
Results: Intra-  and  inter-observer  reproducibility  of  the  ADC  measurements  was  excellent.  A
statistically  signiﬁcant  negative  correlation  between  the  ADC  of  the  healthy  neck  of  the  femur
and age  was  found.  There  was  a  signiﬁcant  increase  in  the  ADC  of  the  pathological  neck  of  the
femur compared  to  the  healthy  neck.  The  ratio  of  the  pathological  neck  ADC  and  the  healthy
neck ADC  was  signiﬁcantly  associated  with  the  Catterall  classiﬁcation.
Conclusion:  The  quantiﬁcation  of  the  ADC  of  the  neck  of  the  femur  is  reproducible.  This  could
be useful  in  the  treatment  of  LCPD,  where  there  is  an  early  and  signiﬁcant  increase  in  the  ADC
on the  pathological  side.  This  increase  could  have  a  prognostic  value,  as  it  is  correlated  with
the Catterall  classiﬁcation.
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dDiffusion  MRI  of  the  neck  of  the  femur  in  Legg-Calve-Perthe
Legg-Calve-Perthes  disease  (LCPD)  is  a  paediatric  disease
characterised  by  an  idiopathic  ischaemic  necrosis  of  the
head  of  the  femur  that  can  cause  painful  limping  in  chil-
dren,  most  often  between  the  ages  of  3  and  10  years  [1].
The  course  after  the  reconstruction  period  is  very  variable.
Deformations  of  the  head  of  the  femur  and  femoroacetabu-
lar  incongruence  can  persist  and  cause  arthritis  in  the  young
adult  [2].  The  prognostic  evaluation  remains  a  challenge  in
order  to  select  children  that  could  beneﬁt  from  an  early
preventive  treatment  [3—5].
The  currently  known  prognostic  factors  include  age  of
onset,  the  importance  and  the  distribution  of  the  necrosis
evaluated  by  the  radiographic  classiﬁcations  of  Catterall  and
Herring  [4—7]  and  the  method  of  revascularization  of  the
head  of  the  femur  initially  described  in  scintigraphy  by  Con-
way  and  Tsao  [8—10]. Lamer  showed  that  the  dynamic  MRI
after  injection  of  gadolinium  (DGS  MRI)  made  it  possible  to
study  the  revascularization  and  metaphysary  abnormalities
with  great  precision  [11]. The  rapid  recanalization  of  the  lat-
eral  epiphysary  arteries  is  associated  with  a  better  prognosis
than  the  slow  transphysary  neovascularization  from  the  neck
of  the  femur.  Scintigraphic  hyperactivity  and  the  increase  in
metaphysary  enhancement  after  injection  of  gadolinium  are
thus  associated  with  a  prognosis  that  is  not  as  good  [10—12].
The  neck  of  the  femur,  though  not  directly  affected  by  the
ischaemia,  could  play  a  determining  role  in  the  method  of
revascularization  and  thus  in  the  prognosis.
In  addition  to  conventional  radiographies,  the  MRI  has
become  the  reference  method  for  conﬁrming  the  diagnosis
and  evaluating  the  severity  of  the  damage.  It  makes  it  pos-
sible  to  perform  a  bilateral,  comparative,  exhaustive  and
very  precise  study  of  both  hips,  i.e.  not  only  the  epiph-
ysis,  growth  cartilage  and  joint  congruence,  but  also  the
metaphysis  [13—16].
Animal  studies  have  shown  the  value  of  diffusion
weigthed  MR  imaging  [DWI]  of  the  head  of  the  femur  in
the  early  diagnosis  of  ischaemia  [17—19]. In  man,  a  per-
sistent  increase  in  the  apparent  diffusion  coefﬁcient  (ADC)
in  the  head  of  the  femur  has  been  described  in  patients
with  ischaemic  necrosis  [20—23]. More  particularly,  two  pae-
diatric  series  studied  the  variations  of  epiphysary  but  also
metaphysary  ADC  in  LCPD  [22,23].  These  two  series  concern
a  small  number  of  patients  and  confront  the  ADC  values  with
the  result  of  the  other  MRI  sequences  carried  out  at  the  same
time.
Our  objectives  in  this  study  are  ﬁrst  and  foremost  to
check  the  reproducibility  of  the  ADC  measurements  in  the
neck  of  the  femur  during  LCPD,  and  then  to  confront  these
results  with  prognostic  factors  other  than  the  MRI  in  order  to
determine  whether  the  ADC  measurement  in  the  neck  of  the
femur  could  be  an  additional  useful  tool  in  the  treatment  of
LCPD.
Material and methods
PatientsProspective  study  carried  out  in  27  children  followed  for
unilateral  LCPD.  The  inclusion  criteria  were  as  follows:
diagnosis  of  unilateral  LCPD  established  by  a  paediatric
orthopaedic  surgeon  from  our  institution  using  standard
a
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adiographic  images.  The  pathological  hips  were  classiﬁed
sing  the  Catterall  classiﬁcation  (1,  2,  3  or  4)  after  analysis
f  all  of  the  radiographs  carried  out  during  the  follow-up,
ith  the  most  severe  ranking  being  retained.  From  Novem-
er  2008  to  November  2010,  46  MRIs  were  performed.
maging protocol
ll  of  the  examinations  were  carried  out  on  the  same  3  T
nit  (Achieva,  Philips,  Best,  The  Netherlands)  using  a  body
ntenna  with  16  elements  positioned  around  the  pelvis  of
he  child,  and  adding  a diffusion  sequence  to  the  morpho-
ogical  sequences  that  we  usually  use.
The  morphological  exploration  included  a  coronal  T1-
 SE  sequence:  matrix  272  × 216;  TR  605  ms/TE  10  ms  and
oronal  T2-W  SE:  matrix  336  ×  264;  TR  2460  ms/TE  100  ms.
he  common  geometric  parameters  of  these  two  sequences
ere:  FOV  270  × 270  mm;  4  mm  cut  thickness  with  a  gap  of
 mm.
The  DWI  was  a  single  shot  EPI  sequence  with  two  b  values:
 and  1000  m2/s.  The  parameters  were:  FOV  360  × 292  mm;
 mm  cut  thickness  with  a  gap  of  1  mm;  matrix  of  120  × 94;
oxel  size  3  × 3.06  × 5 mm;  TR  3549  ms/TE  55  ms;  SPAIR  type
at  signal  saturation;  EPI  factor  51;  excitation  number  =  3;
ENSE  parallel  imaging  with  reduction  factor  2.  Acquisition
uration  of  1′59  s.
nalysis of the imaging
he  images  were  transferred  to  a  Philips  ViewForum  console
or  analysis  and  quantiﬁcation  of  the  ADC  via  an  integrated
oftware  programme  (Fig.  1).
The  ADCs  were  measured  by  manually  placing  a  circular
r  elliptical  region  of  interest  (ROI)  in  the  neck  of  the  femur
n  a  single  cut  under  the  growth  cartilage.  The  morpholog-
cal  sequences  were  used  in  order  to  position  the  largest
ossible  ROIs  and  avoiding  the  partial  volume  effects  with
he  growth  cartilage  and  the  joint  liquid  effusions.  During
ach  measurement,  the  mean  ADC  value  in  the  ROI  was
etained.
Three  series  of  measurements  were  thus  obtained,  each
n  a blind-basis  with  regard  to  the  others:  two  series  by  a
unior  radiologist  (J.R.B.)  at  several  week  intervals  and  one
eries  by  a  senior  radiologist  (C.B.).  The  ADC  value  of  the
eck  of  the  femur  used  for  the  study  of  associated  factors
as  the  mean  of  these  three  measurements.  For  each  child,
he  ADC  of  the  healthy  side  was  used  as  a  control  compared
o  the  ADC  of  the  pathological  side  and  the  ADC  ratio  was
he  pathological  neck  of  the  femur  ADC:  healthy  neck  of  the
emur  ADC  ratio,  calculated  for  each  examination.
tatistical methods
he  description  of  the  study  population  was  described  in
erms  of  number  of  patients  and  percentage  for  the  quali-
ative  variables  and  in  terms  of  the  mean  and  the  standard
eviation  if  the  distribution  was  normal  (in  terms  of  median
nd  interquartile  interval  if  necessary)  for  the  quantitative
ariables.
Intraclass  correlation  coefﬁcients  (ICCs)  along  with  their
5%  conﬁdence  interval  were  calculated  to  evaluate  the
80  J.-R.  Boutault  et  al.
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tigure 1. Seven-year-old child, 4 months after the onset of sympt
: DWI: b0 cut passing through the necks of the femurs; c: DWI: b1
ypersignal of the pathological side compared to the left side (ADC
ntra-  and  inter-observer  reproducibility  of  the  ADC  mea-
urements.
The  search  for  factors  associated  with  the  ADC  was  based
n  the  calculation  of  a  Spearman  correlation  coefﬁcient  for
he  age  when  MRI  was  used  and  a  Wilcoxon  test  for  unpaired
eries  (for  the  healthy  or  pathological  status  of  the  neck  of
he  femur).
The  association  between  the  ADC  ration  and  the  classiﬁ-
ation  of  the  hip  according  to  Catterall  was  analysed  using
 Kruskal-Wallis  test.
As  several  measurements  were  performed  on  the  same
atient  (and  that  these  measurements  therefore  cannot  be
onsidered  as  independent),  all  of  the  analyses  were  carried
ut  again  using  only  the  ﬁrst  MRI  of  each  patient,  in  order
o  evaluate  the  robustness  of  the  results.
The  STATA  statistical  software,  release  11.0  (STATA  Cor-
oration,  College  station,  TX,  USA)  was  used  to  carry  out  the
tatistical  analyses.  The  threshold  of  signiﬁcance  was  0.05.esults
he  population  concerned  27  children:  22  boys  (81%)  and
ve  girls  (19%),  i.e.  a  sex-ratio  of  4.4:1.  The  age  of  the
m
w
p a: T1 sequence: LCPD on the right side in the fragmentation stage;
ut for the same area; d: corresponding ADC cartography showing a
ase by 95%).
nset  of  symptoms  was  5.5  years  (±  1.69).  Forty-six  MRIs
ere  carried  out,  a mean  of  13  months  after  the  beginning
f  symptoms  (±  12  months).  The  hips  were  classiﬁed  Catter-
ll  2  (n  =  4,  15%),  3  (n  =  5,  18%)  or  4  (n  =  18,  67%).  Fourteen
hildren  had  several  MRIs  with  a  mean  interval  of  5.5  months
±  1.5  months)  between  two  MRIs.
The  intra-observer  reproducibility  of  the  ADC  measure-
ents  was  deemed  to  be  excellent  with  an  ICC  =  0.929  (95%
I:  0.876,  0.960)  for  the  healthy  necks  of  the  femur  and
CC  =  0.973  (95%  CI:  0.952,  0.985)  for  the  pathological  necks
f  the  femur.  The  inter-observer  reproducibility  was  also
eemed  excellent  for  the  healthy  necks  of  the  femur  with
n  ICC  =  0.879,  (95%  CI:  0.791,  0.931)  and  for  the  patholog-
cal  necks  of  the  femur  with  an  ICC  =  0.950,  (95%  CI:  0.911,
.972).  The  ADC  value  retained  for  the  rest  of  the  statistical
nalysis  was  the  mean  of  the  three  measurements.
The  age  of  the  patients  during  the  MRIs  and  the  ADC  of
he  necks  of  the  femur  are  summarized  in  Table  1.
There  was  a  statistically  signiﬁcant  association
P  =  0.0072)  between  the  ADC  of  the  healthy  neck  of
he  femur  and  the  age  (Fig.  2).  The  greater  the  age,  the
ore  the  ADC  decreased  (rho  =  −0.3912).  The  correlation
as  not  signiﬁcant  (P  =  0.2032)  between  the  ADC  of  the
athological  neck  of  the  femur  and  the  age.
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Table  1 Summary  of  the  age  (years)  when  the  MRI  was  performed,  the  ADC  values  (× 10−3 mm2/s)  in  the  necks  of  the
femur  (mean  of  three  series),  and  the  ratio  of  the  ADC  values  between  the  pathological  side  and  the  healthy  side.  The
ratio  corresponds  to  that  of  pathological  neck  of  the  femur  ADC/healthy  neck  of  the  femur  ADC,  calculated  for  each  MRI.
Age  (years)  ADC
(×  10−3 mm2/s)
Healthy  side
ADC (×  10−3 mm2/s)
Pathological  side
Ratio  (Pathological
ADC/Healthy  ADC)
n  =  46  n  =  46  n  =  46  n  =  46
Median  5.8  0.41  0.73  1.89
Mean  6.2  0.41  0.75  1.88
Standard  deviation  1.7  0.08  0.23  0.61
Min  2.8  0.25  0.32  0.73
C
(
p
n
rMax 10.5  0.59  
The  ADC  was  signiﬁcantly  higher  (P  <  0.0001)  in  the  patho-
logical  neck  of  the  femur  than  in  the  contralateral  healthy
neck  of  the  femur:  median  (interquartile  interval)  =  0.41
(0.36—0.48)  for  the  ADC  of  the  healthy  neck  of  the  femur
compared  to  0.73  (0.57—0.94)  for  the  pathological  neck  of
the  femur  (Fig.  3).The  ADC  ratio  increased  signiﬁcantly  with  the  Cat-
terall  classiﬁcation  (P  =  0.0224):  mean  ±  standard  devia-
tion  =  1.161  ±  0.234  for  Catterall  two  hips;  1.853  ±  0.368  for
Figure 2. Correlation between ADC of the healthy neck of the
femur (× 10−3 mm2/s) and age (years).
Figure 3. Comparison of the ADC (× 10−3 mm2/s) between the
healthy neck of the femur (cs) and the pathological neck of the
femur (cp).
I
s
D
O
s
f
i
i
n
i
c
i
p
s
d
t
t
F
c1.36  4.03
atterall  three  hips;  1.978  ±  0.629  for  Catterall  four  hips
Fig.  4).
All  of  the  analyses  that  were  performed  again  on  the  sam-
le  that  only  included  the  ﬁrst  MRI  of  each  patient  (i.e.
 =  27)  showed  no  signiﬁcant  difference  compared  to  the
esults  of  all  of  the  MRIs.  Our  results  thus  appear  robust.
n  addition,  these  results  show  that  the  values  obtained  are
table  over  time  in  children  who  had  several  MRIs.
iscussion
ur  study  is  the  third  to  evaluate  the  usefulness  of  the  diffu-
ion  MRI  in  LCPD.  Our  ADC  measurements  in  the  neck  of  the
emur  during  LCPD  were  reproducible  with  good  intra-  and
nter-observer  reproducibility.  There  is  a  statistically  signif-
cant  negative  correlation  between  the  ADC  of  the  healthy
eck  of  the  femur  and  age.  Our  results  show  a signiﬁcant
ncrease  in  the  ADC  of  the  pathological  neck  of  the  femur
ompared  to  the  healthy  neck  of  the  femur,  which  made
t  possible  for  us  to  calculate  an  ADC  ratio  between  the
athological  side  and  the  healthy  side.  This  ratio  increased
igniﬁcantly  following  the  Catterall  classiﬁcation.  In  chil-
ren  who  had  several  MRIs,  this  ratio  remained  stable  over
ime.
The  DWI  measures  the  mobility  of  protons  in  the  living
issues  at  a  microscopic  level.  Historically  developed  for
igure 4. Correlation between the ADC ratio and the Catterall
lassiﬁcation.
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he  exploration  of  cerebral  ischaemic  accidents,  its  use  has
pread  to  many  diseases.  In  paediatric  bone  imaging,  it  is
tudied  in  tumour  characterisation,  the  evaluation  of  the
nti-tumoural  therapeutic  response,  infections,  the  study  of
artilage  and  osteonecrosis  [24—27]. Though  several  exper-
mental  works  [17—19]  have  studied  the  consequences  of
schaemia  on  bone  diffusion,  few  studies  have  analysed  the
esults  of  the  diffusion  in  LCPD  while  comparing  it  to  the
ther  MRI  sequences  [22,23].  These  two  studies  concern  a
maller  number  of  patients:  12  patients  for  Merlini  [22]  and
7  for  Yoo  [23].
It is  difﬁcult  to  compare  the  absolute  ADC  values  between
ifferent  series,  as  several  factors  come  into  play  in  their
alculations.  First  of  all,  there  are  the  technological  factors,
uch  as  the  type  of  antenna  used,  the  sequence  chosen,  the
ethod  of  application  of  the  diffusion  gradient  and  partic-
larly  the  choice  of  the  b  values  [28,29].  We  used  an  EPI
ype  diffusion  sequence  that  has  the  advantage  of  being
ery  fast,  thus  reducing  the  artefacts  related  to  movement.
n  addition,  no  sedation  was  necessary  during  these  exam-
nations.  On  the  other  hand,  these  sequences  have  limited
patial  resolution,  a  poor  signal  to  noise  ratio  and  are  par-
icularly  sensitive  to  artefacts  of  magnetic  susceptibility,
hich  are  increase  by  the  use  of  a  3  T  ﬁeld  [25,26].  The
pper  extremity  of  the  femur  in  children,  due  to  the  prox-
mity  of  structures  with  very  different  magnetic  properties,
s  particularly  exposed  to  this  type  of  artefact.  We  noticed
hat  in  the  heads  of  the  femurs  at  a  stage  of  condensation
r  fragmentation,  these  artefacts  could  alter  the  quality  of
he  images.  With  the  coronal  approach,  where  the  magnetic
eld  is  more  heterogeneous,  the  images  obtained  were  of
ediocre  quality,  which  is  why  we  chose  the  axial  approach.
Other  factors  related  to  the  studied  tissue  explain  the
hanges  in  the  absolute  ADC  values.  In  particular,  we
now  that  the  ADC  of  healthy  bone  marrow  decreases  with
ge,  probably  due  to  the  medullar  conversion  where  the
ematopoietic  bone  marrow  is  progressively  replaced  with
atty  bone  marrow  [23,26,29,30]. Our  study  conﬁrms  and
uts  a  number  on  these  data  in  the  age  bracket  concerned
ith  LCPD.
For  all  of  these  reasons,  it  does  not  seem  very  useful
o  deﬁne  the  normal  absolute  values  of  the  bone  marrow
DC  in  children  and  the  use  of  a  ratio  between  the  healthy
ide  and  the  pathological  side  in  the  same  patient  appears
referable.
Our  absolute  values  of  mean  ADCs  in  the  pathological
eck  of  the  femur:  0.776  are  very  different  from  those  of
erlini  [22]: 1.042  and  of  Yoo  [23]: 0.58,  who  use  different
echniques  on  1.5  T  MRIs  from  different  constructors:  coro-
al  cuts,  in  EPI  sequence  with  a  b  of  800  for  Merlini  [22],
agittal  cuts  in  LSDI  sequence  with  a  b  of  700  for  Yoo  [23].
n  the  other  hand,  the  median  ratios  are  close  in  all  three
tudies:  1.89  in  our  study,  1.7  in  Merlini’s  study  [22]  and
.63  in  that  of  Yoo  [23]. This  shows  the  reproducibility  of
his  method  and  opens  perspectives  for  its  generalization.
The  increase  in  the  ADC  of  the  neck  of  the  femur  appears
tarting  from  the  ﬁrst  month  in  our  series,  which  is  in  agree-
ent  with  the  results  obtained  in  animals  [17—19]. The  DWI
ould  thus  be  useful  starting  from  the  beginning  of  the  LCPD.
his  technique  would  need  to  be  compared  to  bone  scintigra-
hy  or  dynamic  MRI  following  injection  of  gadolinium  in  the
ips  at  an  early  infra-radiological  stage  in  order  to  specify
I
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he diagnostic  potential  of  the  diffusion.  On  the  other  hand,
he  increase  in  ADC  could  possibly  provide  a  prognostic  argu-
ent  starting  from  the  ﬁrst  stages  of  the  disease.  In  our
tudy,  the  ADC  ratio  of  the  neck  of  the  femur  increases  sig-
iﬁcantly  with  the  Catterall  classiﬁcation,  which  is  one  of
he  radiological  classiﬁcations  that  is  traditionally  accepted.
n  the  same  child,  this  radiological  classiﬁcation  can  change
uring  the  fragmentation  phase,  and  in  our  series,  the  grade
etained  was  the  worst  grade  that  was  established  before
he  date  the  MRI  was  performed  on.  This  increase  in  ADC
ppears  to  be  stable  over  time:  the  results  concerning  the
rst  MRIs  mirror  those  of  the  following  MRIs  in  children  who
ad  several  examinations.  These  results  can  be  compared  to
hose  obtained  in  the  earlier  series  [22,23],  which  showed
he  negative  meaning  of  a  high  ADC  of  the  neck  of  the  femur,
ut  only  when  compared  with  other  MRI  signs.  In  addition,
hey  studied  children  at  a  radiological  stage  that  was  already
dvanced  with  only  one  MRI  examination,  and  therefore  with
o  notion  of  change  over  time.  The  studies  would  have  to
e  carried  out  over  a  longer  time  period  in  order  to  measure
he  change  of  the  ADC  in  the  neck  of  the  femur  and  to  check
he  prognostic  value  of  the  DWI  by  comparing  it  with  the
nal  outcome  of  the  LCPD.
With  no  histological  correlation  in  our  study,  the  precise
auses  of  the  change  in  the  ADC  of  the  neck  of  the  femur  over
he  course  of  the  LCPD  remain  unknown.  Many  histological
tudies  have  looked  into  metaphysary  cysts,  but  this  abnor-
ality  was  only  found  in  four  of  our  patients  [31—34]. In  a
eview  published  in  1982,  Catterall  [31]  described  accumula-
ions  of  non-ossiﬁed  cartilage  derived  from  growth  cartilage
n  the  metaphysis,  but  also  a  case  of  avascular  necrosis  of
he  medial  part  of  the  metaphysis  associated  with  vascular
hrombosis  in  the  adjacent  periosteum.  These  abnormalities
oncerned  the  region  in  immediate  contact  with  the  growth
artilage,  while  in  our  study,  the  ROIs  excluded  the  cartilagi-
ous  signal  regions.  Eckerwall,  in  a  study  of  22  biopsies  of
ecks  of  the  femur  observed  fatty  necrosis,  a ﬁbrous  reac-
ion  and  vascular  proliferation  without  bone  necrosis  [32].
evascularisation  effects  starting  from  the  neck  of  the  femur
re  known  for  being  signs  of  a  worse  prognosis  than  direct
evascularization  from  the  epiphysary  arteries.  Therefore,  it
as  been  shown  that  this  neovascularization  from  the  neck  of
he  femur,  which  results  in  metaphysary  scintigraphic  hyper-
ctivity  and  an  increase  in  metaphysary  enhancement  after
njection  of  gadolinium  is  associated  with  a  worse  prognosis
10—12].  As  DWI  is  a  reﬂection  of  both  the  cellularity  of  a
issue  and  the  pseudo-differentiation  where  perfusion  plays
 predominant  role  [30], its  changes  in  the  neck  of  the  femur
ould  be  related  in  part  to  Hypervascularization-type  vascu-
ar  changes.  The  comparison  between  the  DWI  of  the  neck
f  the  femur  and  the  dynamic  MRI  shows  parallel  changes
22,23].  The  changes  in  the  ADC  of  the  neck  of  the  femur,
ince  they  are  probably  related  to  the  method  of  revascula-
ization,  appear  to  be  a  determining  factor  of  the  modalities
f  reconstruction  that  make  up  the  prognosis  of  LCPD.
onclusionn  conclusion,  the  quantiﬁcation  of  the  ADC  of  the  neck  of
he  femur  in  MLPC  is  a  reproducible  and  comparable  method
y  the  use  of  ratios  between  the  pathological  side  and  the
s  dis
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[Diffusion  MRI  of  the  neck  of  the  femur  in  Legg-Calve-Perthe
healthy  side.  Non-invasive  compared  to  scintigraphy  and
dynamic  MRI,  it  could  be  an  important  tool  for  the  treat-
ment  of  LCPD.  Studies  with  a  longer  monitoring  period  and
a  larger  number  of  patients  are  necessary  to  conﬁrm  these
encouraging  results.
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